Oviducts play an important role in the reproductive process, such as in gamete transport, fertilization, and early embryonic development. However, the regulation of oviductal function during luteal formation phase (3−5 days post-ovulation), which is a crucial phase for early embryonic development, remains poorly understood. This study investigated the roles of oviductal estradiol-17β (E2) and progesterone (P4) concentrations on bovine oviductal functions in the luteal formation phase using RT-qPCR for some genes of oviductal epithelial cells. Bovine oviducts ipsilateral to the corpus luteum (CL) in the luteal formation phase were collected from a slaughterhouse. The concentration of oviductal E2 was positively correlated with the mRNA expressions of nuclear P4 receptor (PGR) and protein disulfide isomerase family A member 4 (PDIA4), which is related to protein secretion, in the ampulla and with estrogen receptor α (ESR1) mRNA expression in the isthmus. In contrast, the concentration of oviductal P4 was not correlated with oviductal mRNA expressions in either regions. Furthermore, for the candidate factor related to the oviductal E2 concentration, the CL parameters (CL size and tissue P4 concentration), firstwave dominant follicle (W1DF) parameters (follicle size and intrafollicular E2 concentration), and W1DF location (ipsilateral or contralateral to CL) did not influence the oviductal E2 concentration. In conclusion, our results suggest that the local oviductal E2 is a potential oviductal function regulator during the luteal formation phase.
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In cattle, oviducts play an important role in the reproductive process, owing to their involvement in gamete transport, fertilization, and early embryonic development [2, 20] . For example, the oviductal mucosa produced by oviductal epithelial cells comprises various metabolic substrates and proteins, which promote fertilization and early embryonic development [9, 20] . The oviduct comprises three anatomic regions-infundibulum, ampulla and isthmus-that have different roles in the reproductive processes. The infundibulum collects the cumulus-oocyte complex (COC) at ovulation whereas the ampulla transports the COC to the ampullary-isthmic junction, where fertilization occurs. The isthmus constitutes the environment for early embryonic development [2] . It was previously reported that the morphology of oviductal epithelium is different in these three regions [32] . In addition, the functions of ampulla and isthmus have been extensively investigated and shown to differ [21] .
In cattle, the embryo remains in the oviduct for 4−5 days post-fertilization [2] and the oviductal function during this time is considered crucial for early embryonic development. Oviductal functions are known to be regulated by sex steroid hormones [5] . A previous study using a manipulated growth model of cow's pre-ovulatory follicle showed that the different endocrine milieu that occurred during the peri-ovulatory period influenced the morphological and functional features of bovine oviducts at four days post-ovulation [11, 12] . In the follicular phase, the volume of oviductal fluid increases with a high systemic level of estradiol-17β (E2) [16] . In addition, oviductal glycoprotein 1 (OVGP1), heat shock protein 90 beta family member 1 (HSP90B1), glutathione peroxidase 4 (GPX4), and protein disulfide isomerase family A member 4 (PDIA4), known as the genes of bovine oviductal cells, were previously reported to be upregulated in the follicular phase [4, 19] . It is known that OVGP1 interacts with the oocyte, sperm, and embryo [5] ; HSP90B1 and PDIA4 are related to some biological process (i.e., protein secretion and stress response) [4] ; and doi: 10.1292/jvms. GPX4 plays a role of protection against embryo stress [5, 20] . These reports suggest that E2 has the crucial role of regulating oviductal functions during the follicular phase.
In cattle, the increase of plasma E2 concentration was observed between 3-and 9-days post-estrus. This E2 peak is smaller than that of the follicular phase [7, 10, 25] . During 4−5 days post-ovulation, a dominant follicle of the first follicular wave (W1DF) grows in the ovary concomitantly with the luteal formation. This follicle is considered to be a reason for the post-estrous E2 peak. It is known that in follicular phase, the local E2 concentration in the ipsilateral oviduct to the pre-ovulatory follicle is higher than that in the contralateral oviduct [31] . Therefore, the location and function of W1DF may influence the oviductal E2 concentration in the luteal formation phase. In cattle, the high peripheral blood E2 concentration that occurs between 3 and 14 days postovulation is associated with low fertility [3, 23] . These reports suggest that the high plasma E2 level due to W1DF in the luteal formation phase impairs conception in cattle.
However, the effects of the location of W1DF and the increase in plasma E2 concentration between 3 and 9 days post ovulation on oviductal the E2 concentration and function still require clarifications. To clarify the relationship between E2 and oviductal function in the luteal formation phase, this study examined (i) the effect of the location of W1DF and the ovarian function on oviductal E2 concentration and (ii) the relationship between the oviductal E2 concentration and the abundance of steroid hormone receptor transcripts and some functional genes of bovine oviductal epithelium in the luteal formation phase.
MATERIALS AND METHODS

Tissue collection
This study was approved by the Animal Experiment Committee of Obihiro University of Agriculture and Veterinary Medicine, Japan. The oviducts of healthy parous cows were collected at a local slaughterhouse within 30 min after slaughter, immediately placed into ice-cold 0.9% saline solution (Otsuka Chemical, Tokyo, Japan), and transported to the laboratory. The stage of the estrous cycle was estimated by examining the ovaries (i.e., follicles and CL) and uterus, according to previously described criteria [1, 13] . After such examination, the oviducts predicted to be in the luteal formation phase (3−5 days post-ovulation) were selected. In general, only one healthy follicle is selected as W1DF by follicle deviation from 3 to 5 days post-ovulation [10] . To confirm the existence of an active W1DF, its intrafollicular E2 and progesterone (P4) concentrations were measured. The reproductive tracts that presented W1DF with a concentration ratio of E2: P4 higher than 1 were used for this experiment. The reproductive tracts were classified into two groups depending on the positional relationship between CL and W1DF within the ovary: ipsilateral (ipsi: CL and W1DF exist in the same ovary, n=8) and contralateral (contra: CL and W1DF exist in different ovaries, n=8) groups. Moreover, the CL diameter was measured and the CL tissue was stored at −30°C following snap freezing in liquid nitrogen for the hormone assay.
In this study, to examine the oviduct, which is the environment for embryonic development, oviducts in the CL side were used for the experiments (total: n=16; ipsi: n=8; and contra: n=8). Following the removal of the connective tissues, blood vessels, and adhering fats, the oviducts were cut into two regions (i.e., ampulla and isthmus) as previously described [17] . The infundibulum and ampulla-isthmus transition were discarded with sufficient margin. Each region was divided into two pieces and the epithelial cells were collected from one piece, as previously described [30] . Briefly, a slide glass was pressed from above the oviduct tissue placed on a petri dish and the oviductal epithelial cells were mechanically dislodged in a gently squeezed state. The oviductal epithelial cells were put into ISOGEN II (NIPPON GENE, Tokyo, Japan), snap-frozen in liquid nitrogen, then stored at −80°C until total RNA isolation.
The remaining piece was directly snap-frozen in liquid nitrogen and stored at −30°C. Subsequently, it was used to make homogenized samples from the frozen tissues, as previously described [28] . The frozen tissues were placed into a glass tube containing 0.9% physiological saline (100 mg tissue per 1 ml saline solution) and homogenized (AHG-169A; AS ONE, Osaka, Japan) at 13,500 rpm with the glass tube placed in ice-cold water until the tissues were completely homogenized. The homogenized samples were centrifuged at 1,400 × g for 5 min and the supernatants were collected and stored at −30°C until the hormone assay.
Hormone assays
The concentration of P4 in oviductal tissues, CL tissues and follicular fluid, and the concentration of E2 in follicular fluid were determined in duplicates using a second-antibody enzyme immunoassay (EIA). All EIA procedures were performed as previously described [22] . The concentrations of E2 in the oviductal tissues were measured using the EIA kit (DetectX ® SERUM 17β-ESTRADIOL Enzyme Immunoassay Kit; Funakoshi Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions. Steroid hormone assays were performed after extraction with diethyl ether. P4 recovery rates from the oviduct, CL tissues, and follicular fluid were 83.0, 40.0, and 80.3%, respectively. E2 recovery rates from the oviduct tissues and follicular fluid were 59.0% and 79.4%, respectively. The EIA standard curve ranged from 0.05 to 50 ng/ml, 2 to 2,000 pg/ml, and 3.75 to 120 pg/ml for P4, E2, and E2 EIA kit, respectively. The intra-and inter-assay CVs were 7.2% and 7.0% for P4, 9.5% and 11.8% for E2, and 3.9 and 5.3% for E2 EIA kit, respectively.
Total RNA isolation and reverse transcription
Total RNA isolation was performed using ISOGEN II according to the manufacturer's instructions. RNA concentration and purity were determined using a NanoDrop Spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, U.S.A.). The total RNA was treated with DNase (RQ1 RNase-Free DNase; Promega, Madison, WI, U.S.A.). DNA-free total RNA was reverse transcribed (RT) into complementary DNA (cDNA) using a first strand cDNA synthesis kit (SuperScript VILO Reaction doi: 10.1292/jvms. Mix; Invitrogen, Carlsbad, CA, U.S.A.). The RT conditions consisted of 10 min of annealing at 25°C, 60 min of cDNA synthesis at 42°C, and 5 min of inactivation at 85°C. The RT products were stored at −30°C until use for real time polymerase chain reaction (PCR) analysis.
Real-time PCR analysis
Real-time PCR was performed using a Rotor-Gene Q (QIAGEN, Hilden, Germany) and a commercial kit (SYBR ® Premix Ex Taq TM Tli RNaseH Plus; Takara Bio, Kusatsu, Japan). The primers were designed using the Primer3 software based on bovine sequences. These primer specifications were confirmed by a single expected size band resulted from electrophoresis and monitored by a single melt curve peak in real-time PCR. Three potential reference genes, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S ribosomal RNA (18S rRNA), and β-actin (ACTB) were tested using the NormFinder plug-in for Microsoft Excel (MOMA, Aarhus, Denmark). The GAPDH mRNA expression was the most stable among the three genes. Therefore, GAPDH was used as the reference gene and the amounts of mRNA were normalized to GAPDH in this study. The real-time PCR conditions consisted of denaturation at 95°C for 15 sec, followed by 40 cycles at 95°C for 10 sec, optimal annealing temperature for each gene for 30 sec, and 72°C for 40 sec with a final melting curve analysis. All reactions were performed twice under similar setup. All primer sequences, annealing temperature, PCR product sizes, and GeneBank accession numbers are shown in Table 1 .
Statistical analysis
Two-way factorial ANOVA was used to determine the main effects of positional relationship (ipsi vs contra) and region (ampulla vs isthmus), and their interaction. Student's t-tests were used to compare the CL size, CL tissue P4 concentration, W1DF size, and intrafollicular E2 concentration of W1DF between the ipsi and contra groups. The relationship between the oviductal E2 concentration and candidate factors (i.e., CL size, CL tissue P4 concentration, W1DF size, follicular fluid E2 concentration) was investigated using the Pearson correlation coefficient. Multiple linear regression was used to determine whether the candidate factors (i.e., CL size, CL tissue P4 concentration, W1DF size, follicular fluid E2 concentration, and the positional relationship between the CL and W1DF [dummy variable; ipsi: 0, contra: 1]) could predict the oviductal E2 concentration. All variables (the candidate factors) were incorporated into the regression model's first step. The Pearson correlation coefficients between the oviductal E2 and P4 concentrations and mRNA expression levels in the oviductal epithelium were calculated for the ampulla and isthmus, respectively. All statistical analyses were performed using StatView Version 5.0 (SAS Institute, Cary, NC, U.S.A.). A level of P<0.05 was considered to be statistically significant.
RESULTS
Effect of positional relationship between CL and W1DF on oviductal E2 and P4 concentrations
No difference was observed between the oviductal E2 concentrations in ipsi and contra groups, and between that of ampulla and isthmus (Fig. 1A) . There was no difference in the P4 concentrations between ipsi and contra groups whereas the oviductal P4 concentration in the ampulla was significantly higher than that of the isthmus (Fig. 1B) . 
Size and hormone concentration in CL and W1DF
The CL and W1DF parameters used in this study are presented in Table 2 . No significant differences were found between the ipsi and contra groups with respect to the CL diameter and P4 concentration or the DF diameter and P4 concentration in the follicular fluid. However, the intrafollicular E2 concentration was higher in the ipsi group than in the contra group.
Effect of CL and W1DF functions on oviductal E2 concentration
No significant correlations were found between the oviductal E2 concentrations of either region and CL size (ampulla: r=0. 17 
Relationship between oviductal E2 and P4 concentration and mRNA expressions in oviductal epithelium
The effect of oviductal E2 and P4 concentration on mRNA expressions in the oviductal epithelium was examined by combining the data of ipsi and contra groups because the positional relationship between CL and W1DF did not influence the oviductal hormone concentration. In the ampulla, PGR (r=0.55, P<0.05) and PDIA4 (r=0.55, P<0.05) mRNA expressions were positively correlated with the oviductal E2 concentration (Table 3 ) whereas in the isthmus, a significant positive correlation (r=0.52, P=0.05) was found between the ESR1 mRNA expression and oviductal E2 concentration (Table 3) . No significant correlations were found between mRNA expressions and oviductal P4 concentration (Table 4 ).
DISCUSSION
This study suggests that the local oviductal E2 concentration in the luteal formation phase differently affects the mRNA expressions in the ampulla and isthmus. To the best of our knowledge, this is the first study evaluating the relationship between the local oviductal E2 concentration and oviductal function in the luteal formation phase.
In the luteal formation phase, the embryo grows in the isthmus, and is transported to the uterus by tubal muscle contraction, ciliary beating, and oviductal fluid flow [20] . It is considered that the oviductal mucosa, which contains proteins secreted by the ampullary epithelial cells, reaches the isthmus and is involved in embryo transport and interaction with the embryo. Therefore, we collected and examined both ampulla and isthmus in the present study.
Because the positional relationship between the dominant follicle and oviduct is associated with the determination of local oviductal E2 concentration in the follicular phase [31] , we investigated the effect of the positional relationship between the CL and W1DF on the oviductal E2 concentration in the luteal formation phase. Our results showed that the co-existence of W1DF with CL in the same ovary did not affect the E2 concentration of the CL side oviduct in the luteal formation phase. Furthermore, to search for factors related to the oviductal E2 concentration, we examined the effects of W1DF function, which contributes to the systemic levels of E2, and the CL function, a potential regulator of follicular activity, on the oviductal E2 concentration. The ovarian function in the luteal formation phase was not related to the oviductal E2 concentration. It is possible that the E2 synthetic capacity of W1DF in the luteal formation phase was lower than that in the pre-ovulatory follicle [24, 27] and insufficient to increase the oviductal E2 concentration. In addition, in cattle, the pattern of local blood flow surrounding the reproductive organs changes throughout the estrous cycle [8] . The difference in the oviduct's local blood flow between the estrous and luteal formation phases may be related to the different effects of follicles on the local oviductal E2 concentration. This study could not determine the factors that regulate the local oviductal E2 concentration during the luteal formation phase. Further studies on the regulatory mechanism of oviductal E2 concentration are necessary to clarify the E2 effects on oviductal function.
Because the location of W1DF did not influence the E2 concentration of the CL side oviduct in the luteal formation phase, the relationship between the oviductal E2 concentration and mRNA expressions in the oviductal epithelium was examined by combining the ipsi and contra groups.
On the other hand, regarding the oviductal region, the expressions of 2,287 mRNAs in the bovine oviductal epithelium are different between the ampulla and isthmus [21] , suggesting that these mRNAs are related to different oviductal functions. In the study that manipulated the CL function after ovulation to produce two groups with different endocrine milieu during the periovulatory phase, the effects of the steroid hormone milieu on the primary mucosal folds and some oviductal mRNA expressions differed between the ampulla and isthmus [12] . This suggests that the ampulla and isthmus undergo different regulations of the oviductal function by the sex steroid hormones. Therefore, to elucidate the regulatory mechanism of oviductal function by sex steroid hormones, each region should be examined separately.
Our results showed that the PGR mRNA expression was significantly correlated with local E2, but not with P4 concentration, in the ampulla in the luteal formation phase (Tables 3 and 4 ). It was previously reported that the PGR mRNA expression in the bovine oviductal epithelial cells was upregulated by E2 and downregulated by P4, and was higher in the follicular than in the luteal phase [29] . Interestingly, in this study, the PGR mRNA expression in the bovine ampulla varied with the oviductal E2 concentration in the luteal formation phase under a high P4 condition. The results indicate that the oviductal E2 may be related to the regulation of the PGR mRNA expression in the bovine ampulla in the follicular phase with low P4 and the luteal formation phase with high P4.
The ESR1 mRNA expression in the isthmus increases in the follicular phase, whereas in the ampulla, it does not change throughout the estrous cycle [29] . Although several in vitro studies have investigated the regulation of the oviductal ESR1 mRNA expression by E2, the results remain controversial. For example, one study showed that the expression of ESR1 mRNA was upregulated by E2 [29] whereas another study observed no change [26] . Our in vivo results show that the oviductal ESR1 mRNA expression in the luteal formation phase varied with the oviductal E2 concentration in the isthmus but not in the ampulla (Table 3) . Therefore, further studies using culture models and considering the estrus cycle and oviductal region are required to investigate the regulation mechanism of the oviductal ESR1 mRNA expression.
In bovine oviductal epithelial cells, the OVGP1, GPX4, PDIA4, and HSP90B1 mRNA expressions are thought to be under the E2 regulation [4, 19] . In addition, these four genes are related to the formation of the optimal oviductal environment for fertilization and embryonic development [4, 5, 20] . Therefore, these genes are considered to be appropriate for evaluating the role of oviductal E2 on the oviductal function. However, in this study, no E2-related differences were found in the OVGP1, GPX4, and HSP90B1 mRNA expressions of oviductal epithelial cells in the luteal formation phase (Tables 3 and 4 ). In swine, the oviductal OVGP1 mRNA expression was shown to be facilitated by E2 treatment, an effect prevented by P4 treatment [6] . In this study, the oviductal P4 concentration was approximately ten times higher than the previously reported P4 levels in the follicular phase (10-30 ng/g tissue) [18] . This difference suggests that in this study, the effects of E2 on the oviductal OVGP1 mRNA as well as GPX4 and HSP90B1 expressions are prevented by the high oviductal P4 concentration during the luteal formation phase. However, our results showed that the PDIA4 mRNA expression in the ampulla was positively correlated with the oviductal E2 concentration (Table 3 ). This suggests that the oviductal E2 is related to the PDIA4 mRNA expression in the ampulla in the luteal formation phase. The bovine oviductal epithelium contains two cell types (i.e., ciliated and secretory cells). In general, the ampulla has a higher population of secretory cells, which are useful for protein synthesis and secretion, than isthmus [5] . PDIA4 is related to the biological process of protein secretion and the PDIA4 expression is known to be upregulated in the follicular phase with a high E2 level [4] , in which the secretory activity of oviductal epithelium increases. Our results therefore suggest that the oviductal E2 is related to the secretory function of ampulla in the luteal formation phase. The correlation of oviductal E2 concentration with some mRNA expressions in the ampulla and isthmus indicates that oviductal E2 may be a potential regulator of the oviductal function in the luteal formation phase. Furthermore, in this study, the oviductal PGR expression was correlated with the oviductal E2 concentration, thereby suggesting that E2 alters the sensitivity of the bovine oviduct to P4 in the luteal formation phase. It is therefore possible that in the luteal formation phase, the oviductal function is regulated by an interaction between the P4 secreted by the growing CL and E2 secreted by the W1DF. However, the cell types of the oviductal epithelium were not examined in the present study. The ratio of secretory and ciliary cells in the oviductal epithelium changes throughout the estrous cycle [14] and some protein expressions (i.e., PGR and ESR1) are known to be different between the secretory and ciliary cells [15] . Therefore, our results may indicate that the mRNA expressions of oviductal cells were changed or the ratio of oviductal epithelial cells that have different mRNA expressions was changed by the local E2 in the luteal formation phase. To clarify the regulation of the mRNA expressions of oviductal epitheliums by sex steroid hormone, it is necessary to examine the mRNA expressions in the oviductal epithelium with respect to the ratio of secretory and ciliary cells.
Overall, our findings suggest that, during the luteal formation phase, the local oviductal E2 affects the oviductal functions in a concentration-dependent manner. Moreover, E2 may be related to the sensitivity of oviductal epithelium to P4. Therefore, during the luteal formation phase, the oviductal function may be characterized by the interaction between the oviductal E2 and P4 concentration.
